INTRODUCTION {#sec1-1}
============

Endodontic success relies upon the complete chemo mechanical debridement of the radicular pulp space. The complex human root canal anatomy comprises of numerous irregularities, which impede optimal disinfection. These may serve as ecological niches to microbes leading to persistence of infection. Mechanical instrumentation alone does not result in complete elimination of intra-radicular microorganisms.\[[@ref1]\] Endodontic irrigants provide access to uninstrumented intricacies when present in direct contact with the root canal system.\[[@ref2]\]

The three most important attributes for an endodontic irrigant are its tissue dissolution ability, anti-microbicity, and ability to remove the smear layer.\[[@ref3]\] As of now, there is no endodontic irrigant, which is able to satisfy all the desired requisites. A combination of one or more irrigants is suggested according to the infection status of the root canal. The three most commonly used endodontic irrigants are sodium hypochlorite (NaOCl), chlorhexidine gluconate (CHX), and ethylenediaminetetraacetic acid (EDTA).

NaOCl is the most recommended endodontic irrigant due to its tissue dissolution ability, which is a function of its concentration, available surface area of the involved tissue,\[[@ref4][@ref5]\] exposure time, variations in temperature,\[[@ref6]\] surface tension,\[[@ref7]\] and volume of the irrigant.\[[@ref5]\] NaOCl has been recommended to be used in concentrations ranging from 0.5-6%.\[[@ref2]\] The most commonly employed concentrations of NaOCl are 5.25%, 2.5%, and 1.25%.\[[@ref5][@ref8][@ref9]\]

EDTA is employed as a final rinse due to its ability to remove the inorganic component of smear layer and is recommended in a concentration of 17% for a period of one minute.\[[@ref10]\] EDTA reacts with calcium ions in dentin resulting in the formation of calcium chelates.\[[@ref11]\] CHX has potent antimicrobial ability, especially against *E. faecalis*.\[[@ref12]\] It is highly effective in reducing intra-radicular microbes in teeth with apical periodontitis\[[@ref13]\] and is recommended in a concentration of 2% as a final rinse.

The most commonly employed irrigation protocol is with a needle and a syringe. Amongst Indian endodontic practitioners, an overwhelming majority were found to be employing conventional needle-syringe irrigation protocol.\[[@ref14]\] However, it has been well established that conventional needle-syringe techniques result in inadequate debridement of the apical third.\[[@ref4][@ref15][@ref16]\] Thus, recent focus of endodontic research has been on improving irrigation dynamics.

One of the most essential parameters related to fluid flow characteristics is its dynamic viscosity, which is the resistance exhibited by a fluid while it is being deformed by tensile or shear stresses. The lesser the viscosity, the easier is the fluid movement.\[[@ref17]\] In any type of flow, layers of fluid move at different velocities, and the resulting dynamic viscosity arises due to the shear stress required to oppose the applied force. Temperature is one of the primary influencing variables affecting fluid viscosity.\[[@ref18]\]

The various studies that have evaluated the effect of temperature on NaOCl have assessed it in terms of its antibacterial effectiveness and not its dynamic viscosity.\[[@ref8][@ref19]\] The two studies that have evaluated the dynamic viscosity of NaOCl have taken into consideration the role of its concentration at room temperature and body temperature.\[[@ref20][@ref21]\] The influence of different concentrations of NaOCl at varying temperatures on its dynamic viscosity has not yet been ascertained. There has also been no research so far on the influence of dynamic viscosity of 17% EDTA and 2% CHX on their irrigation dynamics.

Hence, the purpose of this study was to assess the influence of temperature (25°C, 45°C, and 60°C) and concentration (1.25%, 2.6%, and 5.25%) on the dynamic viscosity of NaOCl in comparison with 17% EDTA (25°C) and 2% CHX (25°C).

MATERIALS AND METHODS {#sec1-2}
=====================

Measurement of dynamic viscosity {#sec2-1}
--------------------------------

The dynamic viscosity measurement was performed using a rotational digital Viscometer (Brookfield LVDV-II PRO, Middleboro, USA) with an enhanced UL adapter, which facilitates the measurement of low viscosity fluids. The measurement of viscosity was performed using a water bath maintained at constant temperature using a calibrated thermostat. The dynamic viscosity of NaOCl (Chen Chems, Chennai, India) was assessed at three concentrations of 5.25%, 2.6%, and 1.25%. The role of temperature on dynamic viscosity was further evaluated for each of the above mentioned concentrations at three temperature variants namely 25°C, 45°C, and 60°C. Saline (0.9%) was used as the control at 25°C to validate the procedure. EDTA (17%) (Chen Chems, Chennai, India) and CHX (2%) (Asep RC, Stedman Pharma) were assessed for viscosity measurements at 25°C.

An appropriate spindle corresponding to low viscosity fluids was selected, and a fluid volume of 100 mL was used at a constant speed of 100 rpm. The dynamic viscosity measurements (μ) were recorded. The procedure was then repeated ten times for each solution for each group and each concentration. Calculation of mean values and standard deviation were then performed for the ten viscosity values.

Estimation of dynamic viscosity of various irrigants at room temperature - (Groups 1-6) {#sec2-2}
---------------------------------------------------------------------------------------

Serial dilutions of 2.6% and 1.25% NaOCl were prepared from a 5.25% stock solution of NaOCl using distilled water at room temperature (25°C). The dynamic viscosity measurements were then recorded. The same procedure was repeated at room temperature using freshly prepared solutions of 17% solution of EDTA and 2% CHX. 0.9% of saline was used as the control at 25°C to ensure the validity of the experimental procedure.

Group 1-0.9% Saline (25°C), Group 2-2% CHX (25°C), Group 3-17% EDTA (25°C), Group 4-1.25% NaOCl (25°C), Group 5-2.6% NaOCl (25°C), Group 6-5.25% NaOCl (25°C).

Estimation of dynamic viscosity of NaOCl (1.25%, 2.6%, and 5.25%), at varying temperatures -- (Groups 4a, 4b; 5a, 5b and 6a, 6b) {#sec2-3}
--------------------------------------------------------------------------------------------------------------------------------

The dynamic viscosity measurement was repeated to assess the influence of temperature on the concentration of NaOCl.

Group 4a - 1.25% NaOCl (45°C), Group 4b - 1.25% NaOCl (60°C), Group 5a - 2.6% NaOCl (45°C), Group 5b - 2.6% NaOCl (60°C), Group 6a - 5.25% NaOCl (45°C), Group 6b - 5.25% NaOCl (60°C).

Statistical analysis {#sec2-4}
--------------------

The tests used for the statistical analysis were Kolmogorov- Smirnov and Shapiro Wilk tests, one-way ANOVA, and independent sample T-test.

RESULTS {#sec1-3}
=======

The normality tests Kolmogorov- Smirnov and Shapiro Wilk test results suggested that the data followed a normal distribution. Therefore, to analyze the data, parametric tests were employed.

[Table 1](#T1){ref-type="table"} shows the mean and standard deviation of the viscosity of the tested groups at 25°C. One-way ANOVA analysis of the various tested irrigants at room temperature showed significant differences amongst the groups 1-6. Intergroup analysis using independent samples T test showed that all the tested samples were significantly different from each other, except between 2% CHX (Group 2) and 1.25% NaOCl (Group 4). These results indicate that at room temperature, the least viscous irrigants are 2% CHX and 1.25% NaOCl.

###### 

Mean and standard deviation of the viscosity of different groups at 25°C
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Tables [2](#T2){ref-type="table"}, [3](#T3){ref-type="table"}, and [4](#T4){ref-type="table"} show the one-way ANOVA analysis of 1.25% NaOCl, 2.6% NaOCl, and 5.25% NaOCl at varying temperatures (25°C, 45°C, and 60°C), respectively. The results reveal a significant influence of both concentration (*P* \< 0.001) and temperature (*P* \< 0.001) on viscosity. Viscosity statistically increased with NaOCl concentration and decreased with increasing temperature. Thus, amongst the tested NaOCl groups, 5.25% NaOCl at room temperature was significantly the most viscous (μ =1.5300 Cps) while 1.25% NaOCl at 60°C was significantly the least viscous (μ =1.1800 Cps).

###### 

Intergroup comparison of the mean values of 1.25% NaOCl.25°C, 45°C, and 60°C
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###### 

Intergroup comparison of the mean values of 2.6% NaOCl.25°C, 45°C, and 60°C
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###### 

Intergroup comparison of the mean values of 5.25% NaOCl.25°C, 45°C, and 60°C
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DISCUSSION {#sec1-4}
==========

The objective of the current study was to evaluate the influence of temperature and concentration on the dynamic viscosity of NaOCl in comparison with 17% EDTA and 2% CHX. The effect of viscosity on fluid dynamics is related to its flow pattern, which is primarily of two types, a *laminar flow* when the fluid velocity is low resulting in a smooth sliding of adjacent fluid layers and a *turbulent flow* exhibiting erratic patterns due to the mixing of the adjacent layers. The laminar and turbulent flows have an effect on a dimensionless quantity namely the Reynolds number (Re), represented by the following formula,
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Where (ρ) is the fluid density (kg.m^-3^), (μ) is the fluid dynamic viscosity (Pa.s), (ν) is the average fluid velocity (m.s^-1^), and (D) is the characteristic Domain diameter (m).\[[@ref22]\] When the value of the Reynolds number is less than 2,300, it indicates a laminar flow, values greater than 4,000 refer to a turbulent flow. Values in the range of 2300-4000 indicate a transient flow.\[[@ref23]\] The Reynolds number is inversely proportional to the fluid viscosity (μ) while directly proportional to the fluid density (ρ), velocity (ν), and canal diameter (D). Viscosity is the key attribute, which reduces the Reynolds number, resulting in a laminar flow. Parameters, which decrease the viscosity, would increase the Reynolds number, thereby improving irrigant dynamics converting the flow pattern from laminar to turbulent.

The apical canal ana tomy exhibits numerous variations in the form of lateral canals, apical ramifications, deltas, and anastomoses. Residual infection may persist owing to the colonization of intra-radicular microorganisms organized as biofilms in the complex apical third of the root canal.\[[@ref24]\] The most recommended irrigation regimen employs a combination of 5.25% NaOCl followed by a final rinse with 17% EDTA. SEM studies evaluating smear layer removal have demonstrated that a combination of NaOCl and EDTA is effective in removal of the smear layer from the coronal and middle thirds of a root canal.\[[@ref25]\] However, smear layer removal is difficult in the apical third of root canals. This could be attributed to the narrowing of the root canal diameter, which would inhibit the placement of needle into the apical third and the resultant fluid dynamics. In our study, at room temperature, 5.25% NaOCl and 17% EDTA were found to be significantly more viscous than the other tested irrigants (2% CHX, 1.25% NaOCl, 2.6% NaOCl, and 0.9% saline). The poor efficiency of 5.25% NaOCl and 17% EDTA in removing the smear layer in the apical third of root canals could be attributed to their high viscosity. The resultant irrigant flow would most probably be less turbulent and more laminar in nature.

One of the effective ways of improving the efficiency of NaOCl is by increasing its temperature. The effect of elevating the temperature of NaOCl has been assessed only in terms of its antimicrobial efficacy\[[@ref6][@ref8][@ref26]\] and tissue dissolution ability.\[[@ref5][@ref6][@ref7]\] On heating, there is thermal agitation of the irrigant molecules, which enhances its flow properties. This is also associated with a reported increase in bactericidal efficacy that is almost doubled for every 5°C elevation in temperature.\[[@ref27]\] Thus, the desired irrigant requisites can be achieved by heating low concentration solutions of NaOCl (1.25%) to 60°C for enhanced irrigation dynamics.

This improvement in flow characteristics of heated NaOCl could be attributed to the reduction in dynamic viscosity, thereby improving the flow of the irrigant into canal intricacies. In canals with complex anatomies, which rely primarily on irrigation rather than instrumentation, employing a 1.25% solution of NaOCl at 45°C and 60°C would prove to be clinically beneficial.

CONCLUSION {#sec1-5}
==========

Within the limitations of this study, the following clinical conclusions can be made,

A concentration of 5.25% NaOCl and 17% EDTA make these irrigants significantly viscous at room temperature. This higher viscosity would be detrimental to irrigation dynamics in the crucial apical third in terms of tissue dissolution, smear layer removal, and antimicrobial ability.Elevating the temperature of 1.25% NaOCl to 60°C significantly reduces the viscosity of the irrigant. This would clinically translate into improved irrigation dynamics.The role of viscosity is critical in irrigant dynamics, and future research should be addressed in assessing various methods that would influence this in the critical apical third of the root canal system.
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